The pro-inflammatory cytokine TNF-a was silenced by treating MODE-K cells with triple-shell calcium phosphate nanoparticles. These consisted of a core of calcium phosphate, followed by a shell of siRNA, then a shell of calcium phosphate to protect the siRNA from nucleases and finally a shell of poly (ethyleneimine) for colloidal stabilization and to give the particles a positive charge. First, the gene silencing efficiency was demonstrated with HeLa-eGFP cells and determined by manually counting the green fluorescent cells, by quantitative FACS analysis of the green fluorescence per cell, and by qPCR at the RNA level. Cell counting gave the highest degrees of eGFP expression, but FACS and qPCR gave more accurate data as they are not probing the cell colour (green or not green) only as yes/no property. This was transposed to the inflammatory relevant mouse cell line MODE-K that was previously stimulated with LPS to induce the expression of TNF-a. By application of the nanoparticles, the TNF-a expression was reduced almost to the original level, as shown by qPCR. Thus, calcium phosphate nanoparticles are well suited to reduce inflammatory reactions by silencing the corresponding cytokines, e.g. TNF-a.
Introduction
The regulation of tumour necrosis factor a (TNF-a) plays an important role in inflammation. It is overexpressed during inflammation caused by chronic inflammatory diseases as well as after infection or injury. 1 Regulation of the cytokine is discussed in treatment strategies for several diseases including Crohn's disease (CD), ulcerative colitis (UC), [2] [3] [4] multiple sclerosis, 5 rheumatoid arthritis 6 and psoriasis. 7 It is also a major cytokine in periodontitis. 8, 9 TNF-a is a pleiotropic cytokine that can activate signalling either in its membrane-bound form or in its soluble form. Both forms can bind to two receptors, TNFR1 and TNFR2, with different affinities. 10 Downstream signalling can range from tissue repair and resolution of infection (as long as TNF-a is expressed in a controlled manner) to strong (pro-inflammatory) immune responses and the induction of autoimmune diseases, when overexpressed. 1 The downregulation of TNF-a as a therapy has been successfully applied in the aforementioned diseases, but the expression of the cytokine needs to be carefully adjusted.
In most cases, antibody-based medications are applied which quickly lose their efficiency and exhibit side effects to the immune system. Another strategy to influence the role of TNF-a is to prevent its overexpression by gene silencing.
2,3
The expression of specific genes can be inhibited by the introduction of small interfering RNA (siRNA), usually a small double-stranded RNA, into the cytosol of a cell. 11, 12 Upon processing of the siRNA and formation of the RISC complex, the mRNA of the targeted protein is degraded. 13 The transport of siRNA into the cytosol is challenging. Due to its small size and negative charge it has only poor access into the cell. Additionally, the nucleotides must be stabilized against their quick degradation by nucleases. 11, 13, 14 Among other delivery strategies, calcium phosphate nanoparticles have proven to be efficient in biomedicine, [15] [16] [17] [18] [19] e.g. as carriers of small molecules across the cell membrane. 20, 21 Calcium phosphate nanoparticles have a high affinity to nucleic acids, and the crystal growth of calcium phosphate can be inhibited on the nanometre scale by stabilization and simultaneous functionalization with nucleic acids. 22, 23 After endocytosis, the nanoparticles are dissolved at the low pH inside the lysosome. 24 The rise in osmotic pressure supports the escape of the nucleic acids into the cytosol. [25] [26] [27] It has been shown that a combination of calcium phosphate nanoparticles with the cationic polymer PEI improves their transfection efficiency, probably due to enhanced uptake and endosomal escape induced by the positive charge and the proton sponge effect of PEI.
Furthermore, as mineral in human hard tissue (bone and teeth), calcium phosphate is a biocompatible and biodegradable compound. 17, 18 Silencing of model proteins like eGFP and
Luciferase has been shown with calcium phosphate nanoparticles in vitro 30 and in vivo. 31 The targeting of a tumour in an in vivo mouse model was achieved by the addition of a silica shell used for the covalent attachment of an RGD-peptide to guide the particles to the tumour. 32 Additionally, functionalized calcium phosphate nanoparticles permit a long-term storage when freeze-dried in the presence of the cryoprotectant trehalose. 33 Based on these promising results, we have prepared calcium phosphate nanoparticles which are loaded with siRNA against TNF-a to reduce its expression in stimulated MODE-K cells. To better understand the fundamental underlying processes, we have carried out control experiments with anti-eGFP-siRNA and knocked down the expression of eGFP in HeLa-eGFP cells. . All other chemicals were of analytical grade and used without further purification.
All syntheses were carried out with double-distilled water, treated for 2 h with 0.1% (v/v) DEPC at 37 1C and autoclaved to inactivate nucleases, especially RNAses.
Instruments
Scanning electron microscopy was performed with an ESEM Quanta 400 instrument with gold/palladium-sputtered samples. Dynamic light scattering and zeta potential determinations were performed with a Zetasizer nanoseries instrument (Malvern Nano-ZS, laser: l = 633 nm) using the Smoluchowski approximation and taking the data from the Malvern software without further correction. The particle size data refer to scattering intensity distributions (z-average Statistical analysis was carried out by Student's t-test. The given error bars correspond to the standard error of the mean (SEM).
Synthesis of siRNA-loaded calcium phosphate nanoparticles
Calcium phosphate nanoparticles were synthesized in analogy to earlier reported procedures. 28, 30 Equal volumes of solutions of calcium-L-lactate (6.25 mM, pH 9; 217 mL) and diammonium hydrogen phosphate (3.74 mM, pH 9; 217 mL) were pumped into a solution of siRNA (1 mg mL À1 in DEPC-treated water;
87 mL) to give a final siRNA concentration of 167 mg mL À1 .
Calcium and phosphate solutions were pumped through a Y-connector with a syringe pump, resulting in a nucleation time of 0.25 s for calcium phosphate formation. The primary nanoparticles were stabilized by coating with siRNA. Excess siRNA was removed by centrifugation at 14 800 rpm for 15 min. The precipitated nanoparticles were then redispersed in the same volume of DEPC-treated water (520 mL) by ultrasonication for 10 s (UP50H, Hielscher, Ultrasound Technology; sonotrode 2, cycle 0.8, amplitude 70%). After this procedure, single-shell calcium phosphate nanoparticles with a shell of siRNA were obtained. The second shell of calcium phosphate and the third shell of polyethyleneimine were added as follows. Equal volumes of calcium-L-lactate (217 mL) and diammonium hydrogen phosphate (217 mL) solutions were subsequently added to the colloidal dispersion, followed by the addition of PEI (2 mg mL À1 in water;
45 mL) to give a final concentration of 87 mg mL À1 of PEI (final total volume: 1000 mL). Excess PEI was removed by ultracentrifugation and redispersion in the original volume of water. The concentration of siRNA in the nanoparticles was determined by measuring the absorbance of siRNA at 260 nm in the supernatant after the first centrifugation step. After purification of the nanoparticle dispersion from free nucleic acids, excess ions and free PEI, about 23 mg mL À1 of siRNA was present in the nanoparticles in the colloidal dispersion, corresponding to about 27% of siRNA applied during the synthesis. The amount of calcium in the colloidal dispersion was determined by AAS (atom absorption spectroscopy). This was converted into the amount of calcium phosphate by assuming the stoichiometry of hydroxyapatite, Ca 5 (PO 4 ) 3 OH. Before the AAS measurement, the particles were dissolved in hydrochloric acid.
Cell culture experiments
HeLa-eGFP cells (genetically modified human transformed cervix epithelial cells expressing enhanced green fluorescent protein, eGFP) were cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal calf serum (FCS), 100 U mL À1 streptomycin, 100 U mL À1 penicillin and G418-sulfate (geneticin;
final concentration in the medium 50 mg mL
À1
) at 37 1C under 5% CO 2 atmosphere. All reagents and media were supplied by life technologies (Carlsbad, USA). Cells were seeded on 24-well plates one day prior to transfection with 25 000 cells per well. The nanoparticle dispersions were mixed with supplemented medium to yield equal concentrations of siRNA. From the well, the cell culture medium was removed and replaced by 300 to 500 mL of the nanoparticle-siRNA dispersion. The absolute amount of siRNA per well was between 1 mg and 4 mg per well.
The transfection with the commercial lipid-based agent Lipofectamine (Life Technologies) was carried out according to the manufacturer's recommendations: 50 mL of DMEM (without FCS) per well were mixed with 1 mL of Lipofectamine reagent. In another vial, 20 pmol of siRNA were mixed with 50 mL of DMEM (without FCS). Both solutions were mixed and incubated for 15 min. DMEM was added to a total volume of 500 mL before application to the cell culture. 0.28 mg of siRNA per well was applied.
The siRNA was removed from cell culture after 6 to 12 h by medium exchange. The gene silencing efficiency was then assessed 48 to 72 h after transfection, for HeLa-eGFP cells by counting green cells from optical microscopy images and fluorescence microscopy images, by measuring the average fluorescence intensity in FACS and by qPCR.
MODE-K cells (epithelial cells from the jejunum of female C3H/He mice) 34 were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), 100 U mL À1 streptomycin, 100 U mL À1 penicillin and 2 mM L-glutamate at 37 1C in 5% CO 2 atmosphere. The cells were seeded one day prior to transfection at a density of 5 Â 10 4 cells per well in a 24-well plate. For gene silencing, the nanoparticles diluted in cell culture medium were added to the cells and incubated for 6 h. Afterwards, the cells were stimulated with 1 mg mL À1 LPS (500 mL per well) for 4 h before the cells were collected and deep-frozen until qPCR analysis. For MODE-K cells, the gene silencing efficiency was only measured by qPCR due to the absence of eGFP fluorescence.
Gene silencing efficiency
At the start of the experiment, almost all HeLa cells expressed eGFP and were green in fluorescence microscopy. If the production of eGFP is successfully silenced, the green fluorescence will vanish. The gene silencing efficiency was measured by three different methods.
First, fluorescence microscopy was applied and the colour of the cells was assessed visually. Each cell was assigned a colour, i.e. ''green'' or ''not green''. This unavoidably led to ambiguity in the case of ''weakly green'' cells, therefore this evaluation was carried out as objectively as possible (same operator, same illumination conditions, same magnification). The efficiency of the gene silencing experiments was then calculated as reported earlier: 
qPCR probes the production of eGFP on the mRNA level. Again, an average is obtained by analysis of a whole cell culture sample. After trypsinisation and centrifugation (900 rpm, 3 min), cells were lysed in lysis buffer (Qiagen, Hilden, Germany) and frozen at À80 1C until total RNA isolation. ) and then added to the required amount of cell culture medium to give a final MTT concentration of 1 mg mL
À1
. The cell culture medium of the transfected cells was replaced by the MTT medium (300 mL) and incubated for 90 min at 37 1C under 5% CO 2 in humidified atmosphere. Then the MTT medium was removed and the blue precipitate was dissolved in DMSO (300 mL, each well) and incubated for 30 min. Finally, 100 mL of each well were taken for photometric analysis at l = 570 nm. The absorption of the supernatant of cells treated with nanoparticles was normalized to that of the control.
In all cases, cells cultivated under the same conditions but without any treatment were used as control.
Cell uptake studies
The uptake of nanoparticles was measured by loading the nanoparticles with a biologically inactive, fluorescently labelled oligonucleotide. MODE-K cells were seeded at 5 Â 10 4 cells per well in a 24 well-plate one day before the experiment. The nanoparticle dispersion was diluted in cell culture medium to give a concentration of the oligonucleotide of 1 mg mL À1 . The cells were incubated with 0.5 mL nanoparticle-containing cell culture medium. Before analysis, the cells were washed with PBS. The uptake was visually analysed by fluorescence microscopy with a Keyence Biorevo BZ-9000 microscope equipped with a Keyence TRITC filter. Images were taken at 40Â magnification in brightfield and fluorescence mode. Quantification of the uptake was performed by FACS analysis. Cells were trypsinized and redispersed in FACS buffer. Before analysis, cells were stained with 7-AAD viability staining solutions (eBiosciences, San Diego, USA). The percentage of AlexaFluor-647 positive cells was recorded after 10, 30, min, 240 and 360 min.
Results and discussion
The properties of the siRNA-loaded calcium phosphate nanoparticles are given in Table 1 . Triple-shell calcium phosphate nanoparticles (CaP-siRNA-CaP-PEI) with an outer shell of PEI were prepared. The particles were loaded with siRNA to knockdown the expression of TNF-a. Scanning electron microscopy showed almost spherical particles with a diameter between 40 and 100 nm (Fig. 1) . DLS gives a larger average particle size, indicating a moderate degree of agglomeration. 36, 37 ] in the colloidal dispersion was 48 mg mL
À1
. Assuming the formation of hydroxyapatite (Ca 5 (PO 4 ) 3 OH) with a density of r (HAP) = 3.14 g cm À3 and spherical particles, the number N(particles)
of particles per mL of colloidal dispersion can be estimated according to eqn (3):
with r taken from the SEM data (B35 nm). The concentration of siRNA in the colloidal dispersion was determined by UV/Vis spectroscopy. We found that about 27% of the initial amount of siRNA remained in the colloidal dispersion, i.e. was attached to the nanoparticles. This amount is comparable to earlier reports for calcium phosphate nanoparticles functionalized with CpG. 39 The ratio of the concentration of siRNA to the number of particles per mL multiplied with Avogadro's constant (N A ) served as an estimation of the number of siRNA molecules per particle (N(siRNA/particle)), according to eqn (4):
with M(siRNA) the molar mass of the siRNA. The results are in agreement with earlier reports on similar systems. 24, 32 However, the results obtained from these calculations must be taken with care because they are based on a number of assumptions (e.g. the formation of hydroxyapatite and of monodisperse spherical particles). The diameter of the particles has a large impact on both number of particles per mL of dispersion and number of siRNA molecules per particle because it is present to the third power in eqn (3). The exact determination of the particle diameter poses an analytical problem. Even for welldefined particle systems different techniques yield different particle sizes, due to their fundamental physical principles. 40 Still, the calculation is helpful in estimating the dose-dependent effect of the particles. The nanoparticles were loaded with different kinds of siRNA to assess their ability in silencing specific genes in different cell lines. The gene silencing efficiency was determined on HeLaeGFP cells by three different methods: cell counting, FACS analysis and qPCR (Fig. 2) . In the case of eGFP, gene silencing was investigated on the RNA level as well as on the protein level. The protein level was assessed by analysing the green fluorescence of eGFP. Thus, the protein level refers to the bioactivity level of eGFP. All results were normalized to the number of cells to minimize the contribution of varying cell numbers to the gene silencing results. We found that manual cell counting had an inherent error because ''slightly green cells'' carry the same statistical weight as ''bright green cells''. Fig. 4 illustrates that after knockdown of eGFP, many cells are still ''slightly green''. FACS analysis and qPCR as integral techniques permit a more accurate assessment of the overall gene silencing efficiency. In FACS measurements, the mean fluorescence intensity of HeLaeGFP cells before and after treatment was compared.
After application of eGFP-siRNA-loaded nanoparticles, the mean fluorescence intensity decreased to 60%, indicating a considerable knock-down of eGFP. Analysis with quantitative PCR showed that only 37 AE 13% of mRNA coding for eGFP was present in cells after incubation with nanoparticles. Both techniques were normalized to the number of cells but analyse protein expression at different stages, which can explain the differences.
The analysis of fluorescence to assess the protein expression is applicable only for fluorescent model proteins like eGFP. In contrast, qPCR can be applied independently from a protein's fluorescence. Notably, considerable differences were found between the nanoparticles and Lipofectamine, depending on the method.
To improve the efficiency of the calcium phosphate nanoparticles, the amount of siRNA per well was increased to 4 mg. For this, the number of nanoparticles per well had to be increased because the amount of siRNA per particle was determined by the synthesis. qPCR showed enhanced effects at the higher concentration (Fig. 3) . The amount of eGFP mRNA in cells treated with 4 mg siRNA per well decreased to 18 AE 4% of the amount present in control cells, which is close to 7 AE 3% achieved with Lipofectamine (Fig. 3) . In contrast, quantification of eGFP expression by counting fluorescent cells did not show an increased gene silencing efficiency. Independent of the amount of siRNA applied via particles (Fig. 2 and 3 ) cell counting gave similar results for nanoparticles and Lipofectamine, whereas other techniques showed greater differences (Fig. 2) . These results show that fluorescence microscopy can be used as a qualitative model for gene silencing but for quantitative results more accurate techniques have to be employed. In Fig. 4 , an illustrative image of gene silencing in HeLa cells is shown. The cell density appears lower in the brightfield microscopic images after treatment compared to the control. However, this does not indicate cytotoxicity, because the cell density varies at sections of one well. This is taken into account by normalizing the number of green cells to the total number of cells. The morphology of the cells is typical for healthy HeLa cells in both cases.
The cytotoxicity of the particles was measured by the MTTtest and compared to Lipofectamine (Fig. 5) . While at the lower particle concentration, no cytotoxicity was observed, at the higher particle concentration, a moderate cytotoxicity was observed. Nevertheless, the viability of the cells still remained above 70%, even at the higher particle concentration. This cytotoxicity was comparable to effects caused by Lipofectamine. Colloidal calcium phosphate nanoparticles have been shown to be toxic at high concentrations to human monocyte macrophages. 41 This toxicity was explained by elevated levels of the intracellular Ca 2+ concentrations even after exposure to low amounts of calcium phosphate nanoparticles. In contrast, studies on H460 cells, 25 human monocyte macrophages, 41 and T24 cells 42 revealed no toxicity after exposure to calcium phosphate nanoparticles at amounts comparable to the ones used in this study.
Besides high intracellular concentrations of Ca
2+
, the moderate toxicity of the particles at high doses may result from functionalization with PEI, which is known to be toxic in a structure-and concentration-dependent way. 43 Following the promising results obtained for the model protein eGFP in HeLa cells, the pro-inflammatory cytokine TNF-a was silenced in MODE-K cells. MODE-K cells are a murine epithelial cell line from the intestine, and serve as a model for intestinal epithelial cell function. 34 First, the uptake of nanoparticles into the cells was studied by fluorescence microscopy (Fig. 6 ) and quantified by FACS analysis (Fig. 7) . The particles for this study were prepared in the same way as non-fluorescing particles. For the uptake study, siRNA was exchanged for a fluorescence-labelled, non-functional oligonucleotide.
Incubation of the cells with the particles led to rapid association of particles and cells. Already after 10 min of incubation, interactions of cells and nanoparticles were seen with the fluorescence microscope (Fig. 6) . Almost all particles were located near the cell wall. After 3 h, the cells had taken up many nanoparticles. The interaction of nanoparticles and cells was quantified by FACS analysis. After 2 h of incubation with fluorescent nanoparticles, almost all cells (89%) showed a fluorescence signal (Fig. 7) . Note that the cells were washed with PBS prior to analysis to remove free or adhering nanoparticles. In earlier studies, the uptake of calcium phosphate nanoparticles by HeLa cells was followed by confocal laser scanning microscopy and shown to occur within 3 to 5 h. 44 As mentioned before TNF-a is upregulated in inflamed tissue. In order to simulate the cellular response of inflamed tissue, i.e. to induce the upregulation of TNF-a, the cells were stimulated with LPS after the nanoparticles were applied.
The cells treated with LPS only exhibited a strong expression of TNF-a as shown in Fig. 8 . The expression level of TNF-a mRNA by these cells was set to 100%. The cells of the control were not treated with LPS at all. These cells still expressed about 23 AE 3% TNF-a mRNA, compared to cells treated only with LPS.
The efficiency of TNF-a knockdown with calcium phosphate nanoparticles was comparable to Lipofectamine. The expression of this cytokine after treatment was about 45 AE 10% and 30 AE 8%, respectively. Thus, it is possible to reduce the production of TNF-a almost back to the level of unstimulated cells.
Silencing of TNF-a has been shown by other groups in different stimulated cell lines and in vivo models. 2, 3, [45] [46] [47] [48] The comparison with Lipofectamine gave similar efficiencies for a cyclodextrin-based delivery system in RAW 264.7 macrophages, which also showed an effect in an in vivo mouse model. 2 Silencing of TNF-a was achieved in differentiated THP-1 cells and differentiated primary monocytes with a PLGA microparticlebased system. 48 Whereas in THP-1 cells this system was more efficient than Lipofectamine, in primary monocytes both systems had comparable gene silencing efficiencies. Although different cell lines were used, our results compare well with other systems as far as cell culture experiments are concerned. The calcium phosphate nanoparticles were comparable to Lipofectamine in silencing TNF-a.
Cytotoxic effects of the calcium phosphate nanoparticles to MODE-K cells were assessed by an MTT-Test. The toxicity was measured 48 h after incubation of cells with the particles. After treatment, 80 AE 5% of the cells were still viable (data not shown) indicating only moderate cytotoxicity. No toxicity was observed after treatment with Lipofectamine.
Conclusions
Calcium phosphate nanoparticles can be easily synthesized and functionalized with nucleic acids. The particles can be functionalized with different siRNAs and silence specific genes in several cell lines. The model protein eGFP was silenced in HeLa-eGFP cells and protein expression was analysed with three different methods on the mRNA level and protein level. The silencing efficiency by fluorescence microscopy was difficult to interpret. More accurate results were obtained by FACS analysis and quantitative real-time PCR (qPCR). While FACS analysis is not applicable for all proteins, qPCR is a more universal technique for the analysis of gene expression.
The results obtained from the model system were transferred to silence the relevant proinflammatory cytokine TNF-a in LPS-stimulated MODE-K cells. By introducing anti-TNF-a siRNA into the cells, the expression of the cytokine was strongly downregulated, i.e. back to the level of unstimulated cells. Gene silencing efficiencies close to results with the commercial agent Lipofectamine were achieved. In contrast to Lipofectamine, calcium phosphate nanoparticles can be freeze-dried for long term storage and still keep their biological function when redispersed, 33 and they can also be labelled with cell-targeting moieties like antibodies, 49 proteins, 50 or peptides, 32 opening the possibility for a cell-specific downregulation of inflammatory markers in vivo. 
